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ZHLJKW UDWLR DQG FRUURVLRQ UHVLVWDQFH0DFKLQLQJ RI FRPSRVLWH PDWHULDOV UHTXLUHV EHWWHU XQGHUVWDQGLQJ RI FXWWLQJ
SURFHVVHV UHJDUGLQJ DFFXUDF\ DQG HIILFLHQF\0HWDO±0DWUL[ &RPSRVLWHV 00&V DUH QHZ FODVV RI PDWHULDOV WKDW
FRQVLVW RI D QRQPHWDOOLF SKDVHRUGLVWULEXWHG LQ DPHWDOOLFPDWUL[ZLWKSURSHUWLHV WKDW DUH VXSHULRU WR HDFKRI WKH








UHTXLUHGIRU WKHGHVLUHGGLPHQVLRQVDQGVXUIDFH ILQLVK7DJXFKL WHFKQLTXH LVDSRZHUIXO WRRO LQH[SHULPHQWGHVLJQ
DQGLWSURYLGHVDVLPSOHHIILFLHQWDQGV\VWHPDWLFDSSURDFKIRURSWLPL]DWLRQRISURFHVVSDUDPHWHUV
7KH SUHVHQWZRUN LV WR SUHVHQW DQ HIIHFWLYH DSSURDFK IRU WKH RSWLPL]DWLRQ RI GULOOLQJ SDUDPHWHUVZLWKPXOWLSOH
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E\ WDNLQJ LQWR DFFRXQW WKH HIIHFW RI FXWWLQJ VSHHG IHHG GLDPHWHU RI FXW PDFKLQLQJ WLPH RQPHWDO UHPRYDO UDWH
VSHFLILFHQHUJ\VXUIDFHURXJKQHVVYROXPHIUDFWLRQDQGIODQNZHDU$PXOWLSOHUHJUHVVLRQPRGHOLVXVHGWRUHSUHVHQW
UHODWLRQVKLS EHWZHHQ LQSXW DQG RXWSXW YDULDEOHV DQG D PXOWLREMHFWLYH RSWLPL]DWLRQ PHWKRG EDVHG RQ D *HQHWLF




VSHHG LV WKH PDLQ FRQWULEXWLQJ SDUDPHWHU IRU WKH YDULDWLRQ LQ WKH WKUXVW IRUFH DQG GULOO GLDPHWHU LV WKH PDLQ
FRQWULEXWLQJIDFWRUIRUYDULDWLRQLQWRUTXH7KHRSWLPXPFRPELQDWLRQRISURFHVVSDUDPHWHUVHWWLQJVKDVEHHQIRXQG
RXW XVLQJ WKH LQWHJUDWLRQ RI 7DJXFKLPHWKRG DQG 5HVSRQVH 6XUIDFH0HWKRGRORJ\ 5DMPRKDQ HW DO  KDYH
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PXOWLSOHSHUIRUPDQFHFKDUDFWHULVWLFVLQFOXGLQJWKUXVWIRUFHVXUIDFHURXJKQHVVWRROZHDUDQGEXUUKHLJKWH[LW7KH
UHVXOWVVKRZWKDWWKHIHHGUDWHDQGWKHW\SHRIGULOODUHWKHPRVWVLJQLILFDQWIDFWRUVZKLFKDIIHFWWKHGULOOLQJSURFHVV
DQG WKH SHUIRUPDQFH LQ WKH GULOOLQJ SURFHVV FDQ EH HIIHFWLYHO\ LPSURYHG E\ XVLQJ WKLV DSSURDFK 1DYHHQ HW DO
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 KDYH GLVFXVVHG WKH HIIHFWV RI WKH GULOOLQJ SDUDPHWHUV VSHHG DQG IHHG RQ WKH GDPDJH IDFWRU LQ GULOOLQJ
FRPSRVLWHV JODVV KHPS	 VDQGZLFK ILEHUVZLWK GLIIHUHQW ILEHU YROXPH IUDFWLRQV LH   	7KUHH
VSHHGVIRXUIHHGVDQG WKUHHYROXPHIUDFWLRQVDUHXVHGLQWKLVVWXG\7KHLU REMHFWLYH LVWR GHFUHDVHWKHGDPDJHIDFWRU
RI FRPSRVLWHPDWHULDOVZLWK GLIIHUHQW ILEHU YROXPH IUDFWLRQV E\YDU\LQJGULOO SDUDPHWHUV VXFK DV VSHHG DQG IHHG
3DODQLNXPDU  KDV SUHVHQWHG DQHIIHFWLYH DSSURDFK IRU WKHRSWLPLVDWLRQRIGULOOLQJSDUDPHWHUVZLWKPXOWLSOH
SHUIRUPDQFHFKDUDFWHULVWLFVEDVHGRQWKH7DJXFKL¶VPHWKRGZLWKJUH\UHODWLRQDODQDO\VLV 7KH\KDYHXVHG /OHYHO
RUWKRJRQDODUUD\ IRUWKHH[SHULPHQWDWLRQ7KHGULOOLQJSDUDPHWHUVVXFK DVVSLQGOHVSHHGDQGIHHGUDWHDUHRSWLPL]HG
ZLWK FRQVLGHUDWLRQRIPXOWLSOHSHUIRUPDQFH FKDUDFWHULVWLFV VXFK DV WKUXVW IRUFHZRUNSLHFH VXUIDFH URXJKQHVV DQG
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2EVHUYDWLRQVRQ 5D 5W 	5]
)URPWKH)LJ)LJ DQG)LJ WKHPDLQHIIHFWSORWVIRU$O6L1 FRPSRVLWHPDWHULDOWKDWWKHIDFWRU)HHGUDWH
KDVODUJHVWHIIHFWRQWKH6XUIDFH5RXJKQHVV5D5W 	5]DVWKHUHVSRQVHYDULDEOH7KHRSWLPXPOHYHOIRUDIDFWRULV
WKHOHYHOWKDWJLYHVWKHKLJKHVWYDOXHRIȘLQWKHH[SHULPHQWDOUHJLRQ)LJ)LJDQG )LJ VKRZVWKDWWKHVXUIDFH
URXJKQHVV 5D 5W 	 5] RI WKH PDWHULDO GHFUHDVHV ZLWK WKH LQFUHDVH LQ YRO RI 6L1 IURP  WR  DQG LW
GHFUHDVHVZLWKWKHLQFUHDVHVLQWKHVSHHGIURP WRUSP 7KHVXUIDFHURXJKQHVV5D 5W 	5]UDSLGO\LQFUHDVHG
ZLWKWKHLQFUHDVHLQIHHGUDWHIURPWRPPUHYDQGLW KDVYHU\OHVVLPSDFWRQGLDPHWHURIGULOOELW $VWKH
PDFKLQLQJWLPHLQFUHDVHVWKHVXUIDFHURXJKQHVV5D 5W 	5]YDOXHDOVRLQFUHDVHV
7KHSXUSRVHRI FRQGXFWLQJ$129$ LV WRGHWHUPLQH WKH UHODWLYHPDJQLWXGHRI WKH HIIHFW RI HDFK IDFWRU RQ WKH
REMHFWLYHIXQFWLRQȘDQGWRHVWLPDWHWKHHUURUYDULDQFH7KHODUJHQHVVRIDIDFWRUHIIHFWUHODWLYHWRWKHHUURUYDULDQFH
FDQ EH MXGJHG IURP WKH ) FROXPQ 7KH ODUJHU WKH ) YDOXH WKH ODUJHU WKH IDFWRU HIIHFW LV FRPSDUHG WR WKH HUURU
YDULDQFH5HIHUULQJ WR WKH$129$ WKH IDFWRU IHHG UDWH KDVPRUH HIIHFW RQ WKH UHVSRQVH YDULDEOH IRU5D 5W 	5]
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)URP WKHDERYH)LJ LW LV FOHDU WKDW WKHGHYLDWLRQRI WKH&LUFXODULW\GHFUHDVHVZLWK WKH LQFUHDVH LQ YRO RI
6L1 IURP  WR  IXUWKHU LW ZLOO LQFUHDVHV ZLWK WKH LQFUHDVLQJ RI  YRO RI 6L1 IURP  WR  DQG LW
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LQFUHDVHLQ YRO RI6L1 IURP WRIXUWKHULWZLOOLQFUHDVHVZLWKWKHLQFUHDVLQJRIYRO RI6L1 IURPWR
DQGLW GHFUHDVHVZLWKWKHLQFUHDVHLQWKHVSHHGIURPWRUSP 7KHGHYLDWLRQRIWKH&\OLQGULFLW\RIWKH










WKH FDVH PD\ EH ,Q WKH GULOOLQJ SURFHVV FDVH VWXG\ SDUDPHWHUV DUH RSWLPL]HG DQG DUH WDEXODWHG LQ WKH SUHYLRXV
VHFWLRQV 7KH FRQILUPDWLRQ UXQ ZDV FRQGXFWHG WDNLQJ WKHVH RSWLPL]HG SDUDPHWHUV IRU WKH $O6L1 FRPSRVLWH
PDWHULDOVFRQVLGHUHG LQ WKHFDVHVWXG\7KHUHVXOWVREWDLQHGIURPWKHFRQILUPDWLRQUXQVDUH WDEXODWHG LQ WKHEHORZ
7DEOH 
)RUP WKH 7DEOH  RQH FDQ REVHUYH WKDW WKH RSWLPL]HG SDUDPHWHUV KDYH FRQVLGHUDEOH HIIHFW RQ WKH UHVSRQVH
YDULDEOHV VXUIDFH URXJKQHVV 5D5W5] FLUFXODULW\ DQG F\OLQGULFLW\ IRU $O6L1 FRPSRVLWH PDWHULDO 7KH VXUIDFH
URXJKQHVV 5D ZDV P IRU LQLWLDO VHWWLQJV RI SDUDPHWHUV DQG WKH YDOXH KDV EHHQ UHGXFHG WR P DIWHU
VHWWLQJSDUDPHWHUVWRRSWLPL]HGYDOXHV6LPLODUO\WKHVXUIDFHURXJKQHVV5W 	5]ZDVP DQGP IRU
LQLWLDO VHWWLQJV RI SDUDPHWHUV DQG DIWHU VHWWLQJ SDUDPHWHUV WR RSWLPL]HG YDOXHV WKH YDOXH KDV EHHQ UHGXFHG WR
P DQG P UHVSHFWLYHO\ 6LPLODUO\ FLUFXODULW\ LV LPSURYHG IURP  PP WR  PP DQG
F\OLQGULFLW\LVDOVRLPSURYHGIURPPPWRPP
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7DEOH  5HVXOWVRI YHULILFDWLRQH[SHULPHQW
3DUDPHWHUV
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7KH SUHVHQW VWXG\ ZDV FRQFHUQHG ZLWK GULOOLQJ RI YDULRXV  YROXPH RI 6L1 LQ DOXPLQLXP VLOLFRQ QLWULGH
PDWHULDO7KHPDFKLQHXVHGWRFRQGXFWWKHH[SHULPHQWZDVDXWRPDWLFGULOOLQJPDFKLQHWRRO7KHH[SHULPHQWVZHUH
SHUIRUPHGEDVHGRQ/ RUWKRJRQDODUUD\7KH LQSXWSDUDPHWHUVZHUHYROXPHRI6L1 &XWWLQJ
6SHHG    USP )HHG UDWH    PPUHY 'LDPHWHU RI GULOO ELW    PP DQG
0DFKLQLQJ WLPHVHFDQG WKHUHVSRQVHYDULDEOHVZHUH6XUIDFHURXJKQHVV&LUFXODULW\DQG&\OLQGULFLW\
$IWHU WKH H[SHULPHQW FRQGXFWHG UHVSRQVHYDULDEOHVZHUH WDEXODWHG DQG DQDO\VLVZDV FRQGXFWHG 6LQJOHREMHFWLYH
RSWLPL]DWLRQZDV SHUIRUPHG EDVHG RQ7DJXFKL¶V WHFKQLTXH$IWHU WKH SURFHVV SDUDPHWHUV DUH RSWLPL]HG$129$
ZDVSHUIRUPHGWRGHWHUPLQHWKHUHODWLYHPDJQLWXGHRIWKHHDFKIDFWRURQREMHFWLYHIXQFWLRQV
7KHIROORZLQJDUHWKHLPSRUWDQWFRQFOXVLRQVGUDZQIURPWKHSUHVHQWZRUN
L 6WDWLVWLFDO DQDO\VLV RI GDWDSHUWDLQLQJ WRGLPHQVLRQDO GHYLDWLRQKDV VKRZQ WKDW WKHPLQLPXP GLDPHWHU RI
GULOOELWPPLVUHTXLUHGWRPLQLPL]HWKH GLPHQVLRQDO GHYLDWLRQ
LL $O6L1 FRPSRVLWH PDWHULDO KDV WR EH GULOOHG ZLWK ORZ FXWWLQJ VSHHG  USP DQG ORZ )HHG UDWH
PPUHYWRVXVWDLQFLUFXODULW\GHYLDWLRQZLWKLQWKHOLPLWV
LLL 5HODWLYHO\KLJKHUFXWWLQJVSHHGUSPDQGORZHU IHHG UDWHPPUHYDUH UHTXLUHGWRREWDLQJRRG
VXUIDFHILQLVK
LY $O6L1 FRPSRVLWH PDWHULDO KDV WR EH GULOOHG ZLWK ORZ FXWWLQJ VSHHG  USP DQG KLJK IHHG UDWH
PPUHYWRPLQLPL]HWKHF\OLQGULFLW\GHYLDWLRQ
Y %\FRPSDULQJWKHGHOWDYDOXHRI5D5W DQG5]WKH IHHG UDWHKDV PRUHHIIHFWRQ5W IROORZHGE\5D DQG5]
YL %DVHGRQ GHOWD YDOXHWKH FXWWLQJ VSHHGDQG IHHG UDWHKDVPRUHLPSDFWRQ FLUFXODULW\ WKDQ F\OLQGLFLW\
YLL 7KHIDFWRU FXWWLQJ VSHHGKDVWKHODUJHVWHIIHFWRQ FLUFXODULW\WKHIDFWRU IHHG UDWHKDVWKHODUJHVWLQIOXHQFHRQ
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
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6FLHQFHDQG7HFKQRORJ\  SS±
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